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Introduction.

Recently, significant progress has been made in the de-
velopment of antiviral chemotherapy [1-12] due to the dis-
covery of nucleoside analogues with potent antiviral activi-
ties such as acyclovir [13], DHPG [14-18], FIAC [19,20],
FMAU [19,20], BVDU [21,22], cyclaridine [23], ribavirin
[24,24a], etc. The forerunner, acyclovir, has been
marketed as an antiherpes drug (herpes type —2) since
1982 in the form of an ointment (5%) or an intravenous in-
jectable solution. In 1985, an oral form of the drug was
also approved by the FDA. The remaining compounds in
the list are candidates for potential clinically useful an-
tiviral agents in the future.

Since its inception acyclovir has played an important
role as a lead compound. Thus, major efforts have been di-
rected by the nucleoside chemists toward the synthesis of
analogues of acyclovir and other acyclonucleosides with
various side chains and aglycons. In this review the
authors have attempted to summarize major events re-
lated to the chemistry and biology of acyclonucleosides
with particular emphasis placed on the recent develop-
ments among the biologically active compounds. However,
the authors did not attempt to include exhaustively all the
biological literature. For more biological information,
readers may consult a recent bibliographical review of
acyclonucleosides by Remy and Secrist [25] and the pro-
ceedings of a symposium on acyclovir [35]. Since the term
“acyclonucleosides’ is rather broad and ambiguous, this
review was restricted to those compounds which contain
heterocycles with one or more hydroxyl groups on the
alkyl side chains.

L. Purine and Purine Type Acyclonucleosides.
A. Acyclovir Analogues.

In an effort to study the binding characteristics of ade-
nosine deaminase, Schaeffer and coworkers [26,27] re-
ported the synthesis and adenosine deaminase inhibition

activity of a number of Ny-alkyl substituted purine ana-
logues (Table 1).

Compounds 1 and 3 were the most effective inhibitors
and bound to the enzyme twice as tight as adenosine. The
results indicated that 2'- or 3’-hydroxy groups of adenosine
do not interact with adenosine deaminase.

It was known that 5’-deoxynucleosides of adenine do not
undergo deamination with adenosine deaminase unless a
properly positioned hydroxyl group is present at C-3' as in

Table 1
RS
NT .
LD
N

R9

Inhibition of Adenosine Deaminase

Compound R, R, Ki x 10 M
1 NH, HO+(CH,),- 3.8
2 NHCH, HO+(CH,),- 34.0
3 NH, HO4{CH,),- 3.0
4 NHCH, HO{CH,),- 9.8
5 NH, HO<{CH,),- 10.0
6 NHCH, HO-(CH,),- 12.0
7 Adenosine 7.3 [a]

[a) Km instead of Ki.

95-deoxy-3-D-xylofuranosyl)adenine such that the 3'-hyd-
roxyl group can assume the function of the 5-hydroxyl
group of adenosine [28-30]. This indicated that the 5"-hyd-
roxyl group plays a special role in the deamination reac-
tion. Based on this information Schaeffer and coworkers
[31] prepared 92-hydroxyethoxymethyl)adenine (11),
which contains the 5'-hydroxyl portion of adenosine, in
order to study the substrate inhibitor activity of adenosine
deaminase (Scheme 1).
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Enzymic evaluation of 11 with adenosine deaminase in-
dicated it was a substrate with a Km of 1.3 x 10* M
whereas the Vmax was 1.4% that of adenosine. However,
the deoxy compound 13 did not exhibit any substrate ac-
tivity and was a relativley weak reversible inhibitor. Based
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on these results they assumed that compound 11 could be
superimposable with the conformation of adenosine with
respect to the adenine moiety, C-1', ether oxygen, C-4’,
C-5', and 5'-hydroxyl group.

As an extention of this work, Schaeffer et al. [13] subse-
quently reported the synthesis and antiherpes activities of
9-(2-hydroxyethoxymethyl)guanine 18 (acyclovir) (Scheme
2).
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A more efficient method of synthesis of acyclovir was re-
ported by Barrio and coworkers [32,33]. The synthesis in-
volved the reaction of 1,3-dioxolane with trimethylsilyl
iodide to give the desired side chain 21, which was con-
densed with the purine 22, followed by hydrolysis and am-
monolysis to yield acyclovir (Scheme 3).
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Robins and Hatfield [34] also reported an efficient
method for the preparation of acyclovir. They used a sily-
lation/mercuric cyanide procedure, which effectively eli-
minated N-7 isomers normally found in alkylations of
purine sodium salts. In the final step, an enzymic conver-

sion of 27 or 28 afforded acyclovir (Scheme 4).

The proceedings of a symposium on acyclovir has been
published [35], in which comprehensive biological infor-
mation can be found. Acyclovir is a very potent inhibitor
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of herpes simplex virus type-1 (HSV-1), type-2 (HSV-2),
varicelle zoster and cytomegalovirus replication, and it
produces little cytotoxicity in uninfected cells {13,36]. It is
highly specific because it is phosphorylated by herpes
virus thymidine kinase, but not by cellular thymidine
kinase [36,37]. Furthermore, acyclovir triphosphate, which
is synthesized by cellular kinases from acyclovir mono-
phosphate, is a significantly more potent inhibitor of the
virus induced DNA polymerase than it is of the host
a-DNA polymerase. These combined effects seem to be
responsible for the selective antiviral effect of acyclovir
[18]. The recently approved oral form markedly reduces re-
currence rate while the patient is receiving medication.
However, the drug does not influence the long-term natu-
ral history of the disease [38,39].

Owing to the significant antiviral activities exhibited by
acyclovir, analogues 29-34 with other aglycons and side
chains at N, were synthesized [18,40] (Fig. 1).
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Since compounds with a guanine moiety 29-32 are more
active than the compounds with adenine 34 or 2,6-diami-
nopurine moieties 33, acyclonucleosides with a guanine
moiety 35-40 were synthesized for biological tests [18]
(Fig. 2). Although these compounds have been mentioned
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as possessing some antiviral activity, the detailed biologi-
cal results have not appeared, with the exception of
DHPG. Keller et al. [40] studied the enzymatic phosphory-
lation and correlations with antiherpetic activities of va-
rious acyclovir analogues, including some of the com-
pounds in Fig. 2. They found that many of the compounds
that were phosphorylated by HSV thymidine kinase were
inhibitors of HSV replication. They also found that several
compounds not phosphorylated by the enzyme did not in-
hibit replication. However, some acyclic nucleosides that
were phosphorylated were not good antivirals, indicating
that phosphorylation catalyzed by the HSV thymidine
kinase was not sufficient for inhibition of viral replication.
These results emphasize not only the importance of the
substrate specificity for HSV thymidine kinase but also
the inhibition of HSV DNA polymerase for the antiviral
activity. Also important is substrate activity towards GMP
kinase and enzymes taking diphosphate to triphosphate
[40].

Kelley et al. [41] reported nitrogen isosters of acyclovir
(Table 2). When tested against HSV-1, only 41 was active
with an IC5o = 8 uM. In order to overcome the relative in-
solubility of acyclovir for eye drops or intramuscular injec-
tions, Vanderhaeghe and co-workers [42] synthesized and
evaluated for antiviral activity of 46-53 (Table 3). When
assayed in primary rabbit kidney cell culture against
various HSV-1 and HSV-2 strains, 46-49 proved almost ac-
tive as acyclovir itself, suggesting that they were readily
hydrolyzed to release the parent compound. Compound 46
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Table 2

X

N~ N\
LY
N\
HZNJ\N r;a
R

X R

3| OH CH,OCH,CH,NH,

42 NH,  CH,OCH,CH,NH,

43 OH CH,0CH,CH,OCH,CH,NH,
4 OH CH,OCH,CH,NHCH,CH,0H
45 OH CH,0CH,CH,NHCOCH,

was further evaluated for its antiviral efficacy in HSV-1
keratitis in rabbits. When administered as eye drops at a
concentration of 1% (at which acyclovir itself could not be
dissolved) in isotonic borate buffer (pH 5.7), 46 effectively
suppressed the development of both epithelial and stromal
keratitis, and iritis therewith associated [42].

Table 3

o}

N
FQL
HpN~ N

RO -0

R
46 COCH,NH,.HCI
47 COCH(CH,)NH, . HCI
48 COCH,CH,NH,.HC]
49 COCH,CH,COONa
50 COCH,N,
51 COCH(CH,)NHCOOCH,CH,
52 COCH,CH,NHCOOCH,CH;
53 COCH,CH,COOH

Table 4

0
LI
r4
HoN" Xy N
HO—VO\l

Z
54 CH,
55 Cl
56 Br
57 I
58 OH
59 NH,
60 NHCH,
61 N(CH,),
62 N(CH,);
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Robins et al [43] also prepared and evaluated a number
of 8-substituted purine acyclonucleosides for antiviral, an-
timetabolic and cytotoxic properties. Among these, the
8-methyl-54, 8-bromo-56, 8-iodo-57, and 8-amino-39 ana-
logues exhibited significant activities although they were
less active than acyclovir (Table 4).

Beauchamp et al. [44] recently reported the acyclovir
analogues 63-66 with various heterocyclic moieties such as
pyrrolo[2,3-d]pyrimidine 63, pyrazolo[3,4-d]pyrimidine 64,
benzoguanine 65, 8-azapurine 66, imidazole, triazole and
isocytosine (Fig. 3). Compound 63 was previously reported
by Seela and coworkers [45]. The analogues were evaluat-
ed against HSV-1, but only the 8-azapurine analogue 60
showed some activity (ICso = 129 uM). In a test measuring
the ability of these compounds to inhibit the HSV-1 thymi-
dine kinase, 65 and 66 exhibited competition with acyclo-
vir for binding to the enzyme.
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Martin et al. [46] prepared compounds of general struc-
tural type 73 based on the assumption that the monophos-
phates of these analogues would undergo 3-elimination at
the catalytic site of the virus kinase to give enone 74. This
enone in turn could alkylate the active site of the enzyme
in the suicide destruction of the kinase (Scheme 3). Com-
pound 73a showed marginal activity (IDs, = 400 uM)
against HSV-1 in Vero cells, and it was a substrate for the
viral specific thymidine kinase.
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Since only 15-20 percent of the dose of acyclovir is typi-
cally absorbed in humans after oral administration, con-
siderable effort has been devoted to find prodrug that is
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well absorbed after oral administration. In connection
with this effort, Krenitsky et al. [47] reported the synthesis
and biological activity of 6-deoxyacyclovir 75 (Scheme 6).
6-Deoxyacyclovir was found to be 18 times more water so-
luble than acyclovir. Furthermore, the prodrug was readily
oxidized to acyclovir by xanthine oxidase. It was oxidized
by aldehyde oxidase primarily to 8-hydroxy-6-deoxyacyclo-
vir 76 and then to 8-hydroxyacyclovir 77. In clinical stu-
dies of 73, the plasma concentration of acyclovir was 5-6
times higher than that of acyclovir itself. These resulis
suggested that 6-deoxyacyclovir might have clinical useful-
ness as a prodrug of acyclovir suitable for oral administra-
tion [47].
Scheme 6
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Another acyclovir derivative studied as a prodrug was
2,6-diamino-9-(2-hydroxyethoxymethyl)purine (A134U) 33
[48-50]. Good et al. [48] and Spector et al. [50] found that
A134U 33 was converted to acyclovir by adenosine deami-
nase and four other minor metabolites 77-80 (Scheme 7).
Oral dosing of dogs and rats with 33 resulted in peak plas-
ma concentrations and total urinary recoveries of acyclo-
vir greater than those observed after equivalent oral doses
of acyclovir, suggesting that 33 might be an effective pro-
drug of acyclovir for the use in oral therapy [48]. Maudgal
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et al. [51] also studied 2'-O-glycylacyclovir 46 as a prodrug

for the treatment of experimental herpes simplex keratou-
veitis.
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9-[(1,3-Dihydroxy-2-propoxy)methyljguanine (DHPG)
Analogues.

Encouraged by the useful clinical efficacy of acyclovir,
much attention has been directed toward synthesis of ana-
logues of acyclovir in order to find a more potent drug.
9-[(1,3-Dihydroxy-2-propoxy)methyljguanine (DHPG;
2'-NDG; Biolf-62; BW759U) 37 is the result of such efforts.
Four laboratories reported the synthesis and antiviral ac-

tivities of compound 37 [14-38, 52-59] (Scheme 8-11). Thus
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alternate routes to 37 were devised using n-tetrabutylam-
monium iodide (TBAI). The synthesis gave two products
83 and 85 in a ratio of 7 to 3. However, the mixture could
be separated by fractional crystallization from ethanol [16]
(Scheme 9).
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Tolman and coworkers [17,52] prepared DHPG (37) by a
fusion method in which diacetylguanine 87 was reacted
with 88 at 155-160° in the presence of ethane sulfonic acid
to give a mixture of 89 and 90 (Scheme 10). They also used
silylated guanine with 88 without catalyst under similar fu-
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sion conditions. Martin et al. [14] also reported the synthe-
sis of DHPG (37) using p-toluenesulfonic acid as a con-
densing agent (Scheme 11).
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9-(1,3-Dihydrox-2-propoxymethyl)guanine (DHPG,
2'-NDG, Biol-62, BW759U) 37 has similar activity to acyc-
lovir against HSV-1 and HSV-2 in vitro. DHPG also inhi-
bits cytomegalovirus and Epstein-Barr virus [52-60]. Al
though the two compounds have similar activity against
HSV in vitro, a striking difference was the superior in vivo
activity of DHPG against herpes encephalitis and vaginitis
[52-55]. DHPG is highly effective in reducing the severity
of both primary and recrudescent lesions of HSV-2. The
drug appears to have no effect on the latent form of the



204 Review

virus [54]. However, virus variants that induced altered
virus thymidine kinase and became resistant to acyclovir
were still as sensitive to DHPG as the parent virus. DHPG
was reported to be active against five different HSV vari-
ants with altered DNA polymerase and resistance to acyc-
lovir [61]. The mode of action of DHPG and acyclovir are
similar in that both compounds are phosphorylated by the
viral induced thymidine kinase and selectively inhibit viral
over host cell DNA synthesis [51,61,62]. Cheng and cowor-
kers [62] studied the metabolism of DHPG in HeLla cells
infected with HSV-1. They found that the uptake of DHPG
was enhanced in the infected cells and the major metabo-
lites were the mono-, di- and triphosphate derivatives.
Virus-induced thymidine kinase was capable of phospho-
rylating DHPG to its monophosphate, which could be fur-
ther phosphorylated to the di- and triphosphate deriva-
tives by host cellular enzymes. Incorporation of DHPG in-
to DNA was observed in virus-infected cells. Thus, in con-
trast with acyclovir, DHPG seemed not to serve as a chain
terminator, but to be incorporated into DNA strands [62].
The position of DHPG incorporation was analyzed, and it
was found to enter both internal and terminal linkages.
DNA containing DHPG at termini was found to competi-
tively inhibit utlization of activated DNA as primer [63].
DHPG and natural alpha [57] and beta [56] mouse inter-
feron were evaluated for their efficacy in combination
against HSV-2 infections in mice. It was found that the
combination chemotherapy significantly lowered the effec-

tive dose of DHPG.

Tolman et al. [64] reported the synthesis and biological
activities of DHPG-cyclic phosphate. The DHPG-cyclic
phosphate strongly inhibited the replication of herpes sim-
plex viruses, human cytomegalo, vaccinia, SV40, Adeno-
and Varicella-zoster virus, but it did not inhibit RNA
viruses. Unlike DHPG, the activity was not dependent
upon the action of virus-induced thymidine kinase. In-
tracellular metabolism of DHPG-cyclic phosphate produc-
ed small amounts of its triphosphate which were insuffi-
cient to account for the potent antiviral activity observed.
Thus, it was postulated that the mechanism of DHPG-
cyclic phosphate may be different from that of DHPG or
other acyclonucleosides.

Recently, Ogilvie and Hanna [65] prepared 6-methoxy-
purine 92 and 2-amino-6-methoxypurine 93 from 6-chloro-
purines by similar reactions (Fig. 4). They reported that 93
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was active (EDso = 2.8 pg/ml) against equine herpes virus.
Ogilvie et al. [66] also prepared 94 and 93 and found to be
active having EDs, values of 2.7 and 1.4 ug/ml, respective-
ly, against HSV-1 and 1.3 and 7.0 pg/ml respectively,
against HSV-2.

Because of the significant in vivo antiviral activities of
DHPG, various analogues have been synthesized. Lin and
coworkers [67] reported the synthesis of the aminoana-
logue 100 (Scheme 12). The rationale for the synthesis of
100 was that the amino function is sterically and elec-
tronically similar to that of the hydroxyl group, which may
lead 10 a compund with high antiviral activities and low
host cytotoxicity. Such a compound also should markedly
increase the water solubility, a factor critical for formula-
tion which often limits the usefulness of antiviral agents.
The detailed accounts of antiviral activity for 100 has not
been published, however, it exhibited moderate antiviral
activity [68]. The compound was also briefly reported by
Martin et al. [69].
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Ogilvie et al. [59,70] reported the synthesis and *C nmr
data of a series of purine analogues of DHPG (Scheme
13-16). The adenine 104 and 8-bromoadenine 106
analogues were tested on the adenosine deaminase system.
It was found that the rate of deamination of 104 (v max =
2.55 x 107?) was slower than that of adenosine (» max =
1.0), and the 8-bromo-derivative 106 was a weak competi-
tive deaminase inhibitor (Ki = 2.04 x 10™* M) [59]. All
new compounds shown in Scheme 13-16 were tested
against HSV-1 and HSV-2. DHPG (37) (Scheme 15) and
121a (Scheme 16) were found to be most active. DHPG
(37), 121a and 121b are also active against cytomegalo-
virus with EDs, values of 20, 60 and 32 pg/ml, respectively
[59]. Martin et al. [71] also reported the synthesis and anti-
viral acitivity of 117 and the related compounds. They
found that the 2,6-diamino derivative 117 gave IDs, of 3.3
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uM against HSV-1. The diamino compound was a sub-
strate for calf intestinal mucosa adenosine deaminase, be-

ing converted to DHPG.

Scheme 14
NH NHB I
z
e 1. BzCl
N7 | N\ 2. OH~ NT ] N\>
-_
I\\N N 3. TsCl k\N N
TsO [e]
HO 0 NHp
N
OH OTs Nz | N
104 108 FJ\\N N
1. LiN3g HO o\l
2. NH,OH K
OH
ns
NHp NHp
PhsP/CBrg N7 N\ z
104 ——-——> | S« s %
2. LiNg NS N
N
N3~<o\l N3KO
OH N3
109 110
Hp l“z
NH2 NH,
N N
> >
k\N N I\\N N
HaN OJ HaN O\]
K “K N/
oM NHy
1] 12 HOKO
OH
12ia X = NHp

b X=H

sms

HO o]
OH
106
Scheme {5
0Bn
+ OCHZC!
0Bn
I.E'3N
2. NaOCH g
NHp NHo
1. HF/Py NT N 1. NaNOp N N
T e T oy
2.[H] HoN" N 2. [H] 0 ﬂ N

eno—Ko\l HO—KO\I
BnO OH
ia e

l

NHz

i fI>
HOKOJ e

OH OH
"z 37, X =NHz
g, X =H
Scheme 16
Ci

g J S e Q[j
BnOKO HOKO

8n0 OH

[1}-] 1200 X = NHp
b x=H



296 Review

McGee et al. [72] synthesized the thio analogue 127 of
DHPG (Scheme 17). Preliminary in vitro screening indi-
cated that 127 exhibited comparable activity to DHPG
against HSV-1 and human cytomegalovirus. In a mouse
encephalitis model (HSV-2), subcutaneous treatment with
127 lead to a 53% reduction in motality at a dose of 100
mg/kg per day.
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Ogilvie et al. [73] recently synthesized DHPG analogues
131-135 with an additional hydroxymethyl group on the
acyclic side chain. However, they found that the change
significantly decreased the antiherpetic activity (EDs, =
54 pg/ml against HSV-1 for 131) from that of DHPG (EDs,
= 0.2 pg/ml) (Scheme 18).

Ogilvie and Proba [74] also reported that chain ex-
tended analogues 138 had significantly reduced antiviral
activity (EDso > 100 pg/ml) against HSV-1, HSV-2, and
cytomegalovirus (Scheme 19).

Another DHPG analogue, (RS)-9-(2,3-dihydroxy-1-pro-
poxymethyl)guanine 142 has been reported by both Lin
and Lin [75] (Scheme 20) and Ashton et al. [76,77],
(Scheme 21). Ashton et al. [77] also reported a stereospeci-
fic synthesis of (R)- and (S)-enantiomers from 1,2-di-O-
benzyl-D-and-L-glycerol 147 & 150 (Scheme 22). The
(S)-Isomer 152 was found to be 10- to 25-fold more active
than the (R)-isomer 149 against HSV-1 and HSV-2 in cell

wpeed ey

Vol. 23
Scheme |8
Shl 0~_-SCH3
Bn0
o8n 128
ci 0
N7 N N
X O
NN ACHN X /=N
H H
2. NaOMe
HMDS
[} 0

+ N-7 isomer

HN
HZNJ\\N

::‘;J<’J e

08n 8n0
133 129 130
1. NH3
lscus 2.8Cl3 [ J
cl NHp

HaN )‘j: isomer
132
HO

Ty O

OH OH OH
134 1385 13
Scheme 19

X

AcO
AcO N N
CHpOCHRCI  + | \>
Y J\\ N
AcO Ny
136 / 137

T z
X
n

HO

wouogoy,
2 0

I I

N

(=3
x
o

OH

X
c ©
F3
S
(-]
=< X < x

138

culture and had an EDs, comparable to those for acyclovir
and DHPG. The inferior activity of the (R)-isomer was cor-
related with inhibition of viral DNA polymerase by its
phosphorylated products. In mice infected intraperito-
neally or orofacially with HSV-1 or intravaginally with
HSV.-2, the (S)-isomer was less efficacious than DHPG but

comparable to or more active than acyclovir [77].

Since the (S)-isomer was more active than the (R)-iso-
mer, MacCoss et al. [78] developed an improved stereospe-
cific synthesis of (5)-9-2,3-dihydroxy-1-propoxymethyl)-
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197 pa(OHIo/C 2N Since 142 showed lower in vivo antiviral activity than
+ 2 0 that of DHPG [77), it was of interest to prepare 166, 168,
o { 170 and 172, which possess the acyclo side-chains of both
g W:OB" no - on 142 and DHPG. MacCoss et al. [79] prepared all four pos-
o o8n (R)-isomer sible diastereomers from protected xylose 167 and 169
" N 148 - and arabinose 159 and 171. The structure of 9-1,3,4-tri-
) NJ\\ | N\> - . hydroxy-2-butoxymethyl)guanine has been previously
2N ¢ 0 described, but no stereochemistry or experimental details
146 B"Oq_oa,, HJN\ | N\> were given [18]. From the related reaction for the prepara-
15) HN“ Ry N tion of acyclovir [32] Barrio and coworkers [80] reported
PA(OH)/C
| G deoxyriboside analogues lacking the C(3')-C(4) bond 173
HO MW (Fig. 5). McCormick and McElhinney [81] briefly reported
9"0{ (S)-isomer on acyclonucleosides 174 related to 173 (Fig. 5). Another
08n
160 162 interesting analogue of DHPG is its carbon isoster 179
guanine 152, starting from the readily available and the diamino purine 178. Both were originally reported

methyl-2,3,4-tri-O-benzyl-D-glucopyranoside 133. The
synthesis utilized the absolute configuration defined by
carbons 4, 5 and 6 of glucose (Scheme 23).

without experimental details or biological data by Pandit
et al. [82]. The N;-isomer 179a was also prepared (Scheme
25).
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Recently Tippie et al. [83] synthesized 179 in low yield
by direct condensation of 186 with guanine (Scheme 26).
They also reported the antiviral activity of 179. Although
179 (IDs, = 0.5 uM) was nearly as potent in vitro as
DHPG (IDs, = 0.2 uM) against HSV-1, it was less effective
(IDso = 4.0 uM) against HSV-2 than DHPG (IDs, = 0.5
#M). In vivo study confirmed the in vitro data showing 179
to be less effective than DHPG against HSV-2 (83).
Harnden and Jarvest [84] reported an improved synthesis
of 179 (Scheme 27).
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The 3-deazaadenine derivative 195 was reported by
Borchardt and coworkers [85] (Scheme 28). However, 195
did not significantly inhibit the replication of vaccina
virus or S-adenosylhomocysteine hydrolase.
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C. 942,3-Dihydroxypropyl)adenine (DHPA) Analogues.

De Cercq et al. [86,87] reported the antiviral activity of
(5)-9+2,3-dihydroxypropyladenine (S-DHPA). Several vi-
ruses including vaccinia, HSV-1 and HSV-2, measles, and
vesicular stomatitis were inhibited by (S)}-DHPA. The race-
mic mixture (RS}-DHPA was almost as active as the (S)-en-
antiomer. However, the (R)-isomer of DHPA was inactive.
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The potential antiviral activity of (S-DHPA in vivo was
assessed in mice inoculated intranasally with vesicular
stomatitis virus; (5)}-DHPA significantly increased the sur-
vival from the infection. Unlike other antiviral agents,
(S)}-DHPA did not significantly reduce DNA, RNA or pro-
tein synthesis. (S}-DHPA is not a substrate for adenosine
deaminase of either bacterial or mammalian origin. How-
ever, (S}-DHPA, strongly inhibits deamination of adeno-
sine and ara-A by adenosine deaminase. Its mode of action
may be inhibition of S-adenosyl-L-homocysteine hydrolase
[88]. (S)-DHPA was reported to be embryotoxic to chicks
[89). Holy and Cihak [90] studied the metabolism of
(S)-DHPA from which they detected the deaminated pro-

duct, a hypoxanthine derivative, as the only metabolite in

mice.
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The first synthesis of racemic DHPA (201) was reported
by Schaeffer and coworkers [27] (Scheme 29). It was re-
ported to be a weak inhibitor of adenosine deaminase.

Ueda et al. [91] and Seita et al. [92] modified the synthe-
sis, in which they used a direct condensation method
(Scheme 30). However, these authors did not report the an-
tiviral activity of DHPA.

Later, the synthesis of the (R)- and (S)-enantiomers were
reported by Holy [93] in which 1-O-p-toluenesulfony}-2,3-
O-isopropylidene-D-glycerol 205 and 5-O-p-toluenesulfo-
nyl-2,3-isopropylidene-D-ribofuranoside 207 were used as
the starting materials for (S)- and (R)-enantiomers, res-
pectively (Scheme 31). Various other purine derivatives
were prepared [27, 87, 94-96]. Some representative com-
pounds are listed (Table 5). None of the compouds (211-
223) showed any significant antiviral activity.
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More recently, Holy ez al. [97] examined various alkyl
derivatives of DHPA related purine bases for inhibitory ef-
fects toward rat liver S-adenosylhomocysteine hydrolase
and antiviral activity. They found that an intact adenine
moiety, and alkyl chain bound at the 9-position and bear-
ing a vicinal diol at the 2-3"-position with (2S) configura-
tion are necessary. They also found that antiviral activity
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Table 5
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OH OH

e
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211 NH, H NH,
212 NH, H SH
213 NH, H OH
214 NH, H Br
215 NHCH, H H
216 N(CH,), H H
217 OH H H
218 SH H H
219 NH, H H
220 NH, NH, H
221 SCH, H H
222 OH NH, H
223 NH,OH H H

of DHPA analogues correlated with the inhibitory activity
on S-adenosyl-L-homocysteine hydrolase.

Holy and Vanecek [98] synthesized the (R)- and
(S)y-enantiomers (Fig. 6) of 7-(2,3-dihydroxypropyl)theoph
ylline 224 in order to determine the effect of inhibition of
3,5"-cyclic:AMP phosphodiesterase and vasodilatory activi-
ty on the isolated guinea pig aorta, or the effect on blood
pressure of dogs. However, the two enantiomers did not
significantly differ in activity.

HO O
0 ?Hz—cn—cnz
CH3z—N | N\>
0N )
cHs
(R) or (S)
224

Various DHPA analogues possessing different aglycons
such as pyrrolo[2,3-d]pyrimidine 227 (Scheme 32) [95,99],
triazolo[4,5-d]Jpyrimidine 233 (Scheme 33) [100], and imi-
dazo[4,5-c]pyridine 241 (Scheme 34) [85] were prepared for

biological testing. The pyrrolo[2,3-d]pyrimidine [95,99]
and triazolo[4,5-d]pyrimidine [100] derivatives did not
show any significant biological activity. However, imidazo-
[4,5-c]pyridine derivative 241 (Scheme 34) exhibited some
antiviral activity against vaccina virus and inhibited
S-adenosylhomocysteine hydrolase, which suggested that
its antiviral activity may be related to the viral maturation

[85].
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Another purine acyclonucleoside, 9-(3,4-dihydroxybut-
ylguanine (DHBG) 242 (Fig. 7) exhibiting significant an-
tiherpes activity was reported [101,102]. DHBG was selec-
tively phosphorylated by HSV thymidine kinase and had a
moderate affinity for the enzyme (IDs, = 4-18 uM). The
(R)enanatiomer 242a was more inhibitory than the
(S)-enantiomer 242b. Herpes virus DNA synthesis was se-
lectively inhibited by (RS)}-DHBG 242c¢ in infected cells,
and a low cellular toxicity was observed. (RS)-DHBG had a
therapeutic effect when applied topically to guinea pigs
with cutaneous HSV-1 infections and to rabbits with
herpes keratitis. Oral treatment of a HSV-2 infection in
mice had a therapeutic effect [101].

Fig. 7
o}

HN | N\>
HZNJQN N
HO

OH
242
DHBG

Recently the antiviral activity of DHBG was compared
with other related acyclonucleosides [2,103] (Table 6).

9-(4-Hydroxybutyl)guanine 247 was originally reported
by Larsson et al. [15]. The compound inhibits different
strains of HSV-1 (IDs, = 2-5 uM) and HSV-2 (ID;, = 8-13
M), but a HSV-1 mutant lacking thymidine kinase was
resistant. A selective inhibition of HSV-1 DNA synthesis
by 247 was observed in infected Vero cells. The compound
had a low cellular toxicity. A weak therapeutic effect on
herpes keratitis in rabbits was observed whereas cuta-
neous HSV-1 infection in guinea pigs and systemic HSV-2
infection in mice were not affected by this compound.
Zemlicka [106] reported the isomers of DHBG 253 and

found little or no antiviral activity. However, the (S)}-enan-
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tiomer was deaminated with adenosine deaminase
(Scheme 35).
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In related work, Holy [107] reported the synthesis of
racemic and optically active erythro and threo 942,3,4-tri-
hydroxybutyl)adenines 256. From the reaction of DL-tar-
tarate and meso-tartarate 254 he prepared DL-threo- and
DL-erythro-9-(2,3,4-trihydroxybutyl)adenine 256 (Scheme
36). D-Threo- and L-threo-isomers were prepared from
1,3-O-benzylidene-D-threitol and 1,3-O-benzylidene-L-
threitol, respectively. D-Erythro- and L-erythro-isomers
were also prepared from 2,3-O-isopropylidene-6-benzoyl-6-
tosyl-D-mannofuranoside and O-p-toluenesulfonyl-5-
deoxy-1,2-O-isopropylidene-L-arabinofuranose, respec-
tively. Baker and Carr [108] also synthesized the L-eryth-
ro-isomer 256 from L-arabinose which stereochemically

Scheme 36
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represents the “*bottom half’’ of the D-ribofuranose moie-
ty. However, this compound was found to be inactive
against herpes and polio viruses (Scheme 37).
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D. Eritadenine Analogues.

Eritadenine 262 is a hypolipidemic agent isolated from
Japanese edible mushroom shiitake (Lentinus edodes) and
its chemical structure was identified as 2(R),3(R)-dihyd-
roxy-4-(9-adenyl)butyric acid. Deoxyeritadenine and 9-car-
boxypropyladenine have also been isolated from the same
organism [109-113]. In the original synthesis by Chibata et
al. [109] 4-amino-6-chloro-5-nitropyrimidine was condens-
ed with 4-amino-2,3-dihydroxybutyric acid. Reduction of
the nitro-group followed by the ring closure with triethyl-
orthoformate afforded eritadenine. Kamiya et al. [112] uti-
lized D-erythrono lactone 261 as the starting material to
obtain the N, (eritadenine) 262 and Nj-isomer 263
(Scheme 38).
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Okumura et al. [114] also synthesized eritadenine and
its derivatives with various purine moieties from similar
condensations. Kawazu et al [115] developed a method
utilizing 5-O-tosylribose derivative 264, which was con-
densed with sodium adenine followed by oxidation to yield
eritadenine 262 and the related compounds 266 and 267
(Scheme 39). Takamura et al. [116] also synthesized
D-threo-eritadenine 270 by a similar condensation

[Scheme 39].

Later, Takeyama and coworkers [117] synthesized more
than 100 derivatives of eritadenine, and their hypocholes-
terolemic activities were evaluated. From a study of the
structure-activity relationships they found that the most
active derivatives were the carboxylic acid derivatives with
short-chain monohydroxy alcohols. These were 50 times
more active than eritadenine and effective in lowering
serum cholesterol in rats at the dose of 0.0001% in the
diet. The carboxyl function and at least one hydroxyl
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group appear to be essential for activity. The intact
adenine structure seems to be required for the activity, ex-
cept for the N, position where an oxygen of alkoxy group
could be attached without loss of activity.

Eritadenine has hypocholesterolemic activity in that eri-
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tadenine increases the excretion of cholesterol into the
feces. Eritadenine has no effect on the endogenous synthe-
sis of cholesterol from {1-'*C] acetate. The isoamyl ester of
eritadenine inhibits protein kinase by acting as a competi-
tive inhibitor of ATP, which indicates that these esters act
at the receptor site [113].

Recently Holy and coworkers rekindled interest in erita-
dine and its analogues as S-adenosyl-L-homocysteine
hydrolase inhibitors and as antiviral agents [118-125].
They found that eritadenine and its derivatives strongly
inhibit S-adenoxyl-L-homocysteine hydrolase (eritadenine
ICso = 1.2 x 1078 mol/l). The enzyme was irreversibly in-
hibited. As an extenstion of this work they synthesized ste-
reoisomers of eritadenine 273, 276 and 279 [120] (Scheme
40). From the structure-activity study, they found that to

be an inhibitor of S-adenosyl-L-homocysteine hydrolase,
the analogue must contain an adenine base substituted at
position 9 by an w-carboxyalkyl (C,-C;) chain bearing at
least one hydroxy function. The absolute configuration at
the side-chain is decisive for the dihydroxy and trihydroxy
compounds, but less important for the monohydroxyalka-
noic acids. D-Eritadenine and 3-(adenin-9-yl}-2-hydroxy-
propionic acids are the most potent S-adenosyl-L-homo-
cysteine hydrolase inhibitors and the only compounds pos-
sessing an antiviral activity against vesicular stomatitis,
parainfluenza type 3, renovirus type 1, and vaccina virus.

Since the methyl ester of D-eritadenine is more potent
as an antiviral agent than the parent compounds, De
Clercq and Holy [126] examined various alkyl esters of
adenyl-9-yl-2-hydroxypropanoic acid 280 (Figure 8). From
the study they found that these esters showed broad inhi-
bitory activity against vesicular stomatitis, vaccina, reo,
parainfluenza, and measles viruses, and they are nontoxic
to the host cell (except the furylmethyl ester) at antivirally
active concentrations. They postulated that alkyl esters
serve as a prodrug of 3-adenin-9-yl-2-hydroxy propanoic
acid.

Fig. 8
NHp NHg

Ly <I>
“°$ :1:0H

COpR racemate CO2R
280a 280b

Eritadenines (D- and L-erythro) were active against vac-
cina, measles and vescular stomatitis virus. Eritadenine
(D-erythro) was also effective against reo- and parainfluen-
za virus. In general, the antiviral activity of the erita-
denines decreased in order D-erythro > L-erythro »
D-and L-threo isomer [120]. They also examined these
compounds as inhibitors of S-adenosyl-L-homocysteine
hydrolase. The inhibitory activity decreases in the order
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D-erythro > L-erythro > D.threo > L-threo [118]. Holy et
al. have reported there is a correlation between the an-
tiviral activity and inhibition of S-adenosyl-L-
homocysteine hydrolase [97).

More recently, Holy et al. [125] examined a number of
w-carboxylalkyl derivatives of adenine and other purine
bases 281-288 for their inhibitory effects on rat liver
S-adenosyl-L-homocysteine hydrolase and their antiviral
activity (Table 7-9), and including eight stereoisomeric
5-(adenyl-9-yl)-2,3,4-trihydroxypentanoic acids 297-304
[125] (Table 10).

Table 7
Ry
NZ i
I S-rs
HO
HO
COgH
Rl RZ R3
281 NH, H H
282 NH, NH, H
283 NH, SCH, H
284 NH, H Br
285 NHC,H; H H
286 N(CH,), H H
287 OH H H
288 SCH, H H
Table 8
NHp
N>~ N
J\ [ Y-r
Ry N
HO
co2H
R, R,
289 H H
290 CH, H
291 NH, H
292 H Br

There is another class of acyclonucleosides, nucleoside
triols 303, which can be prepared from ribonucleosides by
periodate oxidation followed by reduction with sodium
borohydride (Fig. 9). Although nucleoside triols have been
known for at least two decades [128,129], their bioclogical
evaluation has been limited except for the studies of
Lerner and coworkers’ [130,131}. Due to the recent disco-
very of antiviral agents such as acyclovir, DHPG, DHPA,
DHBG, etc., there is a renewed interest in this class of
compound.

Review 305

Table 9
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Table 10
A A A A A A A A
HO HO = HO OH OH OH HO OH
HO HO OH OH OH HO OH HO
HO OH OH HO OH OH HO HO
CogH COpH COoH COpH  COpH COgH COH COpH
297 298 299 300 30! 302 303 304

Lerner [132] systematically studied the triol class of
compounds. He purified and chemically characterized the
triols derived from adenosine, cytidine, uridine. Lerner
and Rossi [130] also prepared various triols from 9-3-D-
xylopyranosyladenine, 9-«-D-arabinopyranosyladenine,
9-a-D-mannopyranosyladenine, 9-a-L-rhamnopyranosyl-
adenine, 9-8-D-fucopyranosyladenine, and 9-a-L-fucopy-
ranosyladenine for the study with adenosine deaminase. It
was found that none of the triols were substrates for the
enzyme. With the exception of the
9-a-D-mannopyranosyladenine, all of these alcohols were
competitive inhibitors. The best inhibitor was the alcohol
from 9-o-L-rhamnopyransoyladenine. From a study of the
triols from inosine, 6-mercapto-9-3-D-ribofuranosylpurine
and 2-amino-9-3-D-ribofuranosylpurine and 2-amino-9-8-
D-ribofuranosylpurine, Rossi and Lerner [131] found that
the 6-amino group is necessary for inhibitory activity
against adenine deaminase.

Recently, noncyclic triol derivative of guanosine was un-
equivocally prepared by Lerner [133]. Bessodes and
Antonakis {134] also reported a convenient one pot solid
phase cleavage of ribonucleosides to the triols from ribo-
nucleosides including guanosine.

triol from

Fig. 9
HO 0 8

HO OH
305

B = adenine

guanine
uracil
cytosine
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E. Erythro-9-(2-hydroxy-3-nonyl)adenine (EHNA) Ana-
logues.

Schaeffer and coworkers extensively studied the sub-
strate binding characteristics of adenosine deaminase and
found that the binding area for the 9-substituents is a
large hydrophobic region [135], a hydroxyl binding site
[27], and a specific methyl binding region [136]. Further-
more, they demonstrated that with some 9-substituted ade-
nines containing a chiral center, there is stereoselectivity

in the formation of the enzyme-inhibitor complex. For ex-
ample, with some 9-(1-hydroxy-2-alkyl)adenines, the pre-
ferred chiral center for enzyme-inhibitor complex forma-
tion has the (R)-configuration [137] whereas with 9-(2-hyd-
roxypropyl)adenine, the chiral center with the (S)-configu-
ration is bound more tightly to the enzyme [136]. With this
information Schaeffer and Schwender [138] synthesized
various 942-hydroxy-3-alkyl}-adenine derivatives in order
to find a more potent adenosine deaminase inhibitor
(Scheme 41). Erythro-9-(2-hydroxy-3-nonyl)adenine
(EHNA) 307 was the most potent inhibitor (Ki = 1.6 X
10"° M) [139]. The erythro-diastereoisomer was more ac-
tive than the threo-isomer supporting the above observa-
tion that adenosine deaminase possesses a single binding
site for inhibitors.

Scheme 41
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Subsequently, Plunkett and Cohn [140] demonstrated
that EHNA greatly potentiates the cytotoxicity of adenine
nucleosides. North and Cohn [141] showed that EHNA sig-
nificantly inhibits replication of HSV and markedly poten-
tiates the cytotoxicity of ara-A and cordycepin against
Hela cells and against the production of HSV in those
cells. As a result of much faster reactivation of inhibited
adenosine deaminase observed in the case of inhibition by
EHNA than that by pentostatin and coformycin, EHNA
was considered as the inhibitor of choice for use in viral
chemotherapy [142,143]. EHNA inhibits HSV production
by 30% while EHNA in combination with ara-A inhibits
HSV production by more than 90%.

Baker et al. [144,145] recently reported a synthesis of
D-and L-EHNA from D- and L-rhamnitol derivatives 308 and
314 (Scheme 42). They found that the L-erythor isomer 313
(Ki = 7.64 x 107'®* M) bound 80-fold more tightly to calf
mucosal adenosine deaminase than the D-erythro isomer
319 (Ki = 6.23 x 10® M). Abushanab and coworkers
[146,147] independently reported the synthesis of
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erythro- and threo-EHNA. In the synthesis the key inter-
mediates were four amino alkohols 324, 325, 329, and 330
(Scheme 43). Inhibition of human erythrocyte adenosine
deaminase was performed with the four isomers, and the
Ki values obtained wer (+)2S,3R-EHNA 313 (2 nM), and
(—)-25,3S-THNA 312 (80 nM). Since (+)-ENHA is the
most active stereoisomer, Abushanab et al. [148] recently
reported a practical synthesis of the (+)-isomer from the
key intermediate, (benzyloxethyl)oxirane.

Structurally related to EHNA, erythro-94(2-hydroxy-3-
nonyl)hypoxanthine (NPT 15392) (a mixture of 338 and
345) has been reported to have immunopotentiating acti-
vity {149,150]. This compound enhances T-cell dependent
immune response [151]). NPT 15392 does not augment in
vitro natural killer cells or antibody-dependent ceilular
cytotoxicity of human blood mononuclear cells. The ef-
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fects of NPT 15392 do not appear to be mediated by pros-
taglandin or interferon induction; preliminary studies in-
dicate that cyclic 3',5'-guanosine monophosphate may be Fig. 10
involved in the mechanism by which NPT 15392 modu- NH2 .
lates immune function [149]. Recently Abushanab and co- N N y N
«pe . \
workers [151] reported a stereospecific synthesis of ery- ~ | N> N
thro- and threo-diastereomers of NPT 15392, 335, 338, :1:%”,3 j:ceﬂm
342 and 345 starting from 1-nonene-3-ol 331 (Scheme 44). oH
CHz CHz
. . . . .. 346 (28,3r) 347
Due to the interesting biological activity of EHNA and Ki=1.0x 1078 M A TEnG AT

its hypoxantine analogue (NPT 15392), Grifantini and co-
workers [152] synthesized deaza-analogues of EHNA in or-
der to study the structural requirement of EHNA as an in-
hibitor of adenosine deaminase. They found that isosteric
substitution of pyrimidine nitrogens by carbons could be
tolerated at the enzymic binding site. 3-Deaza-EHNA 346
was found to have an inhibitory activity comparable (Ki =
1.0 x 107® M) to EHNA (Ki = 1.6 x 107° M) [139] and
1-deaza-ENHA 347 (Ki = 5.5 x 1077 M), though less po-
tent, is a good inhibitor (Fig. 10).

(2R, 39)

F. Polyhydroxyacyclonucleosides.

Horton, Wolfrom, and co-workers have reported a num-
ber of polyhydroxylated acyclonucleosides derived from
various carbohydrates containing uracil [153,163], thy-
mine [154, 155, 163], cytosine [153, 163, 164], 5-fluoroura-
cil [156] adenine [153, 154, 157-160, 163], 6-chloropurine
[156, 161, 163-170], and 6-mercaptapurine [160-170]. A
general method of synthesis is shown (Scheme 45).



308
Scheme 45
CHISEN), cuss' )I'B ol
Brz HgCI NZ N
(CHOAc)y — ———> (CHOAc),, \>
| Xy N
CH20Ac CHp0AC
CHSEt
348 349
(CHOAc),
\\ CHg0Ac
c
oTMS N AL
N7
NZ F If N
S B f
™S HgCI
0 S
HN HN N
Y e
0N NN
CHSE?
CHSE!
|
(CHOM)p {CHOAc)p
CHOH CH20Ac
352 351

The 6-mercaptopurine derivative derived from D-glu-
cose showed in vivo activity in the murine L1210 leukemia
cell lines. It is interesting to note that the 6-mercaptopu-
rine derivative from D-glucose was markedly more active
than the 6-mercaptopurine derivative from D-galactose
[170]. Shaw and coworkers [171] reported imidazole and
purine acyclic nucleoside derivatives of arabinose. Holy
[172] also reported 1-(adenin-9-yl)-1-deoxy-DL-ribitol,
-D-arabitol, and other pyrimidine trihydroxy pyrimidine
derivatives.

Scheme 46
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I1. Pyrimidineacyclonucleosides.

In contrast to the purine acyclonucleosides pyrimidine-
acyclonucleosides have not shown any significant antiviral
or anticancer activities. Despite this disappointment there
have been continuing efforts to synthesize various pyrimi-
dineacyclonucleosides in search of new, useful antiviral
and anticancer agents. Although the original synthesis of
pyrimidineacyclonucleosides were reported by Wolfrom,
Horton, and co-workers, this section will exclude those
compounds because of the previous brief general discus-
sion (Scheme 45).

In their synthesis of DHPA 201 Ueda et al. [91] also pre-
pared uracil 356 and cytosine derivatives 358 (Scheme 46).

Imoto and coworkers [173] reported the synthesis of
5-substituted pyrimidineacyclonucleosides 359 and 360 by
similar reactions as previously reporied by Ueda et al. [91]
and Seita et al. [92] (Scheme 47). They also prepared
S-bromo- and 5-iodouracil derivatives by halogenation of
the uracil derivative.

Scheme 47
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Holy and Ivanova [174] modified the above synthesis
(Scheme 48). They prepared phosphates of 359 and stu-
died the substrate characteristics of nucleolytic enzymes
[174, 175].

Scheme 48
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Holy [93] prepared a homo-analogue 367 in a similar
condensation reaction (Scheme 49).
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Recently, Vanderhaeghe and co-workers [100] prepared
acyclonucleoside analogue 370 of E-5-(2-bromovinyl)-2'-de-
oxyuridine [21,22] (Scheme 50), but the compound did not
exhibit significant antiviral activity. Robins and coworkers
[43] also later reported 370 as an inactive compound.

Scheme 50
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Harnden and co-workers [176] briefly reported a num-
ber of compounds 371-381 related to the above com-
pounds (Table 11). None of the compounds were signifi-
cantly active when tested against HSV-1 or influenza A
virus in cell culture.

Table 11
0
HN)E»R
ot
HO OH
R R

371 H 379 NO,
372 CH, 380 CH=CH,
373 F 381 C=CH
374 Cl
375 Br
376 I
377 CF,
378 CN

Based on the fact that 1{8-D-ribofuranosyl)-2-pyrimi-
done exhibited antibacterial activity, Holy and coworkers
[177] prepared 2-pyrimidone acyclonucleosides related to
eritadenine and studied the inhibition of bacterial cyti-
dine deaminase (Table 12).

Review
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Table 12

L)

|
R

deamination rate

382 R = ribose 1.00
383 R = —CH,CH-CH, 1.16
| |
OH OH
384 R = CH,CH-COOH 0.76
|
OH
385 R = CH,-CH-CH-COOH 0.95
[
OH OH
386 R = CH,CH,-CH-CH, 1.16

| |
OH OH

In many cases synthetic intermediates for purineacyclo-
nucleosides were used for the pyrimidineacyclonucleo-
sides. Pandit and coworkers [82] utilized the same interme-
diate 176 for the preparation of pyrimidineacyclonucleo-
sides 389 and 390 (Scheme 51) and purineacyclonucleo-
sides.

Scheme 51
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In their synthesis of adenineacyclonucleosides, Ogilvie
and Gillen [70] also reported 391 (Fig. 11) from which they
prepared dinucleotides for study of substrate specificity of
phosphodiesterases.
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Fig. Il
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Kelley et al. [178] prepared 5-substituted analogues of
the acyclic aminonucleoside 1{(2-aminoethoxy)methylJura-
cil 394 for antiviral evaluation (Scheme 52). However,
these acyclic nucleosides exhibited neither cytotoxicity
nor antiviral activity.

Scheme 52
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Kelley et al. [179] also reported a number of related
compounds (Table 13) for antiviral screening. Again, none
of the compounds exhibited any activity against HSV-1 or
other DNA or RNA viruses. They also showed no signifi-
cant substrate properties for HSV-1 encoded thymidine
kinase. Barrio and coworkers [32] previously reported the
preparation of the cytosine derivative 403 as part of their
general synthetic method for acyclonucleosides including
acyclovir.

Chu and coworkers [180] synthesized various 5-substi-
tuted uracil and cytosine acyclonucleosides (Scheme 53).
Cha and coworkers [181] subsequently studied them as in-
hibitors of uridine phosphorylase. These acyclonucleo-
sides were found to be competitive inhibitors of uridine
phosphorylase but had no effect on thymidine phosphory-
lase, uridine kinase or thymidine kinase. The most potent
compound was the thymidine derivatie 410 (X = CH,) (Ki
= 3 uM)

Scheme 53
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Chu and coworkers [182] synthesized 5-benzylacyclouri-
dine 419a 5-benzyloxybenzylacyclouridine 419b (Scheme
54) and found them to be potent inhibitors of uridine
phosphorylase (Ki = 98 and 32 nM, respectively). Cha and
coworkers [183] studied the structure-activity relationﬁhip
of pyrimidine analogues including the acyclonucleosides.

Subsequently Chu and coworkers [184] reported the syn-
thesis and biological activity of hydroxymethyl analogues
420a and 420b of 5-benzylacyclouridine 419a and 5-ben-
zyloxybenzylacyclouridine 419b (Scheme 55). They were
reported as potent inhibitors of uridine phosphorylase
with Ki values of 1.6 and 0.32 uM, respectively for the en-
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zyme from mouse liver. In addition, the compounds poten-
tiate significantly the growth-inhibiting action of 5-fluoro-
deoxyuridine in cell culture.

Scheme 55
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More recently Lin and coworkers [185,186] reported
more soluble isomers of 5-benzylacyclouridine (Scheme
56). It was found that 420 and 423 are potent inhibitors of
uridine phosphorylase isolated from Sarcoma 180 cells
with a Ki value of 0.098 and 0.020 uM, respectively, and
exhibited no apparent cytotoxicity against Sarcoma 180
host cells.
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Schroeder et al. [187] prepaed a series of acyclonucleo-
sides 426 and 427 for biological testing (Scheme 53). At
10* M concentrations,
against L-1210 cell line in culture. However, a number of
the acyclonucleosides inhibited the in vitro growth of E.
coli. The most potent among these, 1{(2-hydroxyethoxy)-
methyl]-5-fluorouracil 426 (R = OH, R, = F), was active
at an ICs of 1.2 uM. It was reported that some of the ana-
logues were also found to selectively interfere with herpes

the compounds were inactive

virus replication in vitro.

Scheme 57
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Rosowsky and coworkers [188] independently prepared
uracil 430 and cytosine acyclonucleosides 433 (Scheme
58). The reported IDs, of 430 (X = F) against L1210
mouse leukemia cells in culture was 1.7 x 10 M.
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As a part of a generl synthetic scheme for acyclonucleo-
sides, Robins and coworkers [34,43] prepared various
known, as well as unreported, pyrimidine acyclonucleo-
sides for biological evaluation. However all of these ana-
logues 434-443 were devoid of antiviral, cytotoxic and an-
timetabolic activities (Table 14).
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Table 14 Scheme 59
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Gringel and coworkers [189] prepared various pyrimi-

. . ) Scheme €0
dine 444-448 (Table 15) and purine acyclonucleosides.
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Lazrek and Panzica [190}] briefly reported certain acyc-
lonucleoside analogues of the as-triazine-3,5-dione ring

system (Fig. 12).
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As a part of efforts to determine the limits on structural

The potent and broad spectrum of activity of DHPG
(37) against herpes viruses prompted the synthesis of pyri-
midine analogues containing the same side chain [71,191,-
192] (Schemes 59-61). However, none of these compounds
was reported to exhibit any significant antiviral activity.

changes in the side chain with respect to the optimal biolo-
gical activity, Ogilvie and coworkers [70] prepared pyrimi-
dine acyclonucleosides 467 with an additional hydroxy-
methyl group at the 3'-position (the 4'-carbon of natural
nucleosides). None of the compounds gave any significant
antiviral activity (Fig. 13).
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I11. Acyclo-C-Nucleosides.

The first synthesis of acyclo-C-nucleosides was reported
by Igolen and coworkers [193] (Scheme 62). They utilized
similar synthetic strategies which were previously used for
the synthesis of other types of C-nucleosides [194].

B = cytosine
thymine
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Scopes and coworkers [195] reported the C-nucleoside
isosters of acyclovir 477 (Scheme 63). None of the com-
pounds exhibited any biological activity against HSV-1
and HSV-2 in cell culture.

Scheme 63
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Griengl and Gunzl [196] reported an acycloanalogue of
formycin 483 (Scheme 64). The compound has been tested
against influenza A/Texas, influenza B/Hong, HSV-1,
HSV-2, and L1210 cells, but no activity was detected.

Starting from glucose, Buchanan [197] has mentioned in
some related work the synthesis of the formycin 487 and
pyrazomycin 488 analogues of DHPA (Scheme 65).
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Baker and Kumar [198] prepared a series of acyclo-C-
nucleosides analogues 491, 493, 495 and 496 of thiazo-
furin [199] for anticancer and antiviral screening (Scheme
66). None of these compounds showed any significant anti-

viral activity. ring heterocycles (Fig. 14).

Recently, Perez and coworkers [200-202] reported
acyclo-C-nucleosides 498 and 499 with five-membered
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Fig. 14
0 Scheme 68
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Pyrimidine type acyclo-C-nucleosides also have been re- e 510
ported by Chu [203], in which pseudouridine 503, N;-me- 2. NaBHg
thylpseudouridine 504 [204], pseudoisocytidine 506 [205], l(CH3>2Ncn(ocu3)2 lNH3
and N,-methylpseudoisocytosine 107 analogues have been
prepared (Scheme 67). Melbnik ez al. [206] independently /ﬂ\ j\ )O,\
prepared 504, 505, and 506 by similar reactions. In a pre- GRS CHz-N"  "N-CH3 GRS LR
liminary test, l-methylacyclopseudouridine 504 (thymi- 0N 0N 0N
dine analogue) exhibited some antiviral activity [207] Ho— o 0 0
against HSV-1 (50% PFU reduction at 50uM). Melbnik et sis i_‘ {__‘
al. [206] also reported the HSV-1 and thymidine phospho- HO  OH HO  OH
rylase inhibitory activity. 512 511
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CHgN” N-CHg HN/U\NH purines, Parkins and Harnden [209] prepared imidazole-
g:‘:‘;;yl _ acyclonucleosides 518 and 521, which were subsequently
o o acetal o o cyclized to purine-type acyclonucleosides 520 and 522
1/ 0 v (Scheme 69). None of the compounds showed any signifi-
LIk cant antiviral activity against HSV-1 and influenza A
Guanidine 2. CHgl ln HMDS viruses in vitro. Scheme 69
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From similar reactions, Chu and coworkers [208] also NH2NH 2
prepared pyrimidine acyclonucleosides 509-515 with iso-
DHPG (142) type side chain (Scheme 68). 0 o
HN N HN
IV. Miscellaneous Acyclonucleosides. A‘::Irp é;:;j,:)f }1-) CeMs J\\N
Because of the structural relationship of 5-amino-4-car- ”°_1/°\I i B"0‘1/0 o= 0
bamoyl-1-8-D-ribofuranosylimidazole (AICA-riboside) to 522 521 520
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Based on broad antiviral and anticancer activities ex- Acknowledgements.

hibited by ribavirin {24], Lin and Lin [210] synthesized an
acyclonucleosides analogue 524 of ribavirin containing
DHPG-type (37) side chain as potential antiviral agents
(Scheme 70).

Shaw and coworkers [211] also reported the imidazole
acyclonucleosides and their subsequent cyclization to

DHPA 201 (Scheme 71).
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In order to evaluate the substrate specificity specifics of
adenosine deaminase in comparison with pentostatin,
Showalter and coworkers [212] prepared an acyclonucleo-
side analogue 531 of pentostatin (Scheme 72). The Ki
value for the in vitro adenosine inhibitory activity of 531
was 9.8 X 107® M. The compound also potentiated the an-
tiviral activity of ara-A.

Scheme 72
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